J chain is a 137-residue polypeptide that is covalently linked to polymeric immunoglobulins and participates in their synthesis and transport to external secretions. To clarify these roles, the secondary structure of J chain was characterized by computer-assisted analyses of human and mouse sequences and by circular dichroism measurements of the isolated J chain. The secondary-structure profiles obtained were very similar to those of superoxide dismutase or immunoglobulin light chain variable domains, suggesting that the J chain folds into an eight-stranded antiparallel fl-barrel and should contain approximately 37% f-sheet conformation, with the rest of the structure existing as reverse turns (random coil).
Polymeric IgA and IgM contain an additional polypeptide, J chain, which is linked by disulfide bridges to the Fc region of immunoglobulin molecules (1, 2) . J chain plays a role both in the assembly of the polymers and in their subsequent transport to external secretions. Studies ofpolymer assembly have shown that the J chain is involved in the formation of the disulfide bridges that link the IgM or IgA heavy chain constant domains into closed, planar structures. The cysteine residues involved in these interchain bonds are present in the carboxyl termini of secreted ,u and a chains (3) (4) (5) but are absent from the carboxyl termini of the membrane forms of these chains (6, 7) . Thus, J-chain expression may correlate with the shift from membrane-associated to secreted forms of ,u and a chains that is known to accompany synthesis of polymeric immunoglobulins (3) .
Studies of the selective transport of polymeric IgA and IgM into external secretions have shown that these immunoglobulins are first bound to secretory component, which acts as a receptor on certain epithelial cells (8) . The immunoglobulin-receptor complexes are subsequently translocated through the epithelial cells into external secretions. The extent to which polymeric IgA or IgM interact with secretory component correlates with their J-chain content. Polymers that contain the normal complement of J chain bind free as well as cell-membrane-associated secretory component to a greater extent than J-chain-deficient molecules (9) . Whether the polymer recognition site of secretory component involves the J chain itself or Fc structures in association with J chain has yet to be resolved.
To understand how the J chain performs these polymerspecific functions requires information about its three-dimensional structure. Such information has been difficult to obtain. Although the J chain is present in free form within immunoglobulin-secreting plasma cells, it is found outside these cells only as a covalently linked component of IgM and IgA molecules (3, 10) . Moreover, J chain is so sequestered within the polymeric Fc structure that it is not readily accessible to conformational analyses. Isolation ofthe J chain from the polymers requires cleavage of the disulfide bonds and exposure to dissociating solvents. As a consequence all structural studies to date have been performed on denatured J chain.
Recently, the complete primary structures of human and mouse J chains have become available from analyses of amino acid and nucleotide sequences (11) (12) (13) . In the studies reported here, advantage was taken of these data to deduce the secondary structure of the J chain and to test the prediction by comparing the circular dichroism (CD) properties of the isolated J chain before and after renaturation. The results obtained suggest that J chain consists of eight ,p-strands and is likely to be folded into a structure similar to the antiparallel 1-barrels of immunoglobulin light chains and superoxide dismutase (14) .
EXPERIMENTAL PROCEDURES
J-Chain Preparation. Human J chain was isolated from S-sulfonated myeloma IgA [FEL, IgA2(A) type] by ionexchange chromatography (4). The final preparation was free from other immunoglobulin chains as judged by alkaline urea (15) or NaDodSO4 gel electrophoresis and by immunochemical analyses (2, 4) with anti-J-, anti-L-, and anti-H-chainspecific reagents. Renatured J chain was prepared by air reoxidation of the reduced S-sulfo derivative as described by Anfinsen and Haber (16) .
Polyacrylamide Gel Electrophoresis. NaDodSO4/PAGE was performed in discontinuous Tris/glycine buffer according to Laemmli (17) under nonreducing conditions, using a vertical Bio-Rad apparatus with a 5-20% gradient slab gel. Soybean trypsin inhibitor, lysozyme, ovalbumin, carbonic anhydrase, bovine serum albumin, and phosphorylase b were used as molecular weight standards.
Circular Dichroism. CD spectra were recorded at room temperature on a Cary 60 spectrophotometer equipped with a model 6001 CD attachment, using circular path lengths of 0.01 or 0.02 cm. For each spectrum, a solvent base line of phosphate buffer solution (0.01 M phosphate/0.15 M NaCl, pH 7.4) was determined in the same cell that was used for the J-chain scan. The spectra were decomposed into ,-sheet and random-coil components by the method of Walton and Blackwell (18) . The method is based on a least-squares fit of
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The coefficients A and B are obtained for all the wavelengths, Xi, by a least-squares fit of Eq. 1 into the experimental data.
Amino Acid Sequence Profiles. The amino acid sequences of human and mouse J chain were aligned and cumulative profiles of hydrophobicity, charge, and secondary-structure propensities were computed from the tabulated amino acid residue values as described (19) . The values were averaged first over tetrapeptide segments, then over the two homologous sequences, and finally by applying a seven-point moving-window smoothing procedure to the raw data. The homology of the human and mouse sequences is high, with 78% identical amino acid residues (3) .
The method of helical wheel (20) was used to make final assignment of a-helix or /-sheet structure. and /3-sheets usually have polar surfaces which face the solvent and nonpolar surfaces which close-pack against each other and because periodicities of side chains in helices (n + 3 or n + 4) and sheets (n + 1) differ, it is often possible to distinguish these two types of structures by examining the periodicity ofnonpolar residues. Thus, circular projections of non-a-helical segments display a random distribution of hydrophobic residues, whereas arc-shaped clusters of these residues can be seen in true helices.
RESULTS
The profiles computed for J-chain secondary-structure propensities, charge, and hydrophobicity are plotted in Fig HE -t--P-strands identified from x-ray data give patterns strikingly similar to those seen in the J-chain profiles. In view of this similarity, J chain is predicted to consist ofthe eight P-strands designated by the lines A-H shown in Fig. 1 Top.
The J-chain profiles also suggest that the protein contains relatively little a-helix. Although there are short maxima of a-helical propensities amino-terminal to the putative Pstrands C and E and along the putative P-strand H, analyses of the data by the helical-wheel method indicate that these regions are probably not in an a-helical conformation (Fig. 2) . Moreover, the overall patterns of J-chain hydrophobicity and reverse-turn propensity correspond to those of all P-sheet proteins rather than those of the a/p-type fold. Proteins containing a-helices generally have broader and more varied hydrophobicity maxima and flatter turn profiles. Based on these results, J chain is tentatively assigned to the family of antiparallel all-p structures typified by VL immunoglobulin domains and superoxide dismutase (14) .
To test the theoretical predictions of secondary structure, we compared the CD spectra of denatured and reoxidized J chain. Reduced J chain was allowed to reoxidize in air and the extent of renaturation was assessed by electrophoretic analyses. S-sulfonated or reduced and carboxymethylated J chain is known to be an elongated molecule that displays an anomalously slow mobility on polyacrylamide gels (23, 24) . Although J chain has a molecular mass of 15,000 daltons, the denatured form migrated more slowly than the 23,000-dalton light chains (Fig. 3) . Reoxidation, however, markedly increased its mobility; most of the reoxidized J chain migrated at a rate consistent with its molecular mass (Fig. 3) , indicating that the protein was refolded into a more compact, native species.
The CD measurements of the reduced and carboxymethylated or reoxidized J chain are plotted in Fig. 4 as spectra of molar ellipticities. Both spectra exhibit a minimum of 195 nm and a general shape that more closely approximates the CD curve for a polypeptide in a random conformation than the curves for polypeptides with a or p conformation (see Fig. 5 ). However, the experimental spectra of J chain differ from that of a random coil in several respects. The minima at 195 nm are less intense: the values for reduced and reoxidized J chain are -1.7 x 104 and -1.5 x 104, respectively, whereas for a polypeptide chain in a random conformation, the value would be approximately -4 x 104. Moreover, in both J-chain spectra there is a negative ellipticity contribution between 210 nm and 240 nm, a region in which spectra for random conformations are slightly positive. In view of these differences, the experimental spectra were decomposed into their random and residual CD spectral components. The analyses showed that the spectrum of the reduced J chain is consistent with a mixture of 25% p and 75% random conformations whereas the spectrum of the reoxidized preparations is equivalent to a curve composed of 34% p and 66% random conformation. The value of 34% for the renatured protein is The helical-wheel analysis of amino acid sequences. The residues were plotted circularly with the successive angular displacements of 1000. Such a plot corresponds to angular periodicity of residues in the ideal a-helix with 3.7 residues per helical turn (21) . The wheel on the left was obtained from the 12 residues forming part of the a-helix G in sperm whale myoglobin (residues 129-140 of the sequence; ref. 22 ). Hydrophobic residues (boldface letters) can be seen to cluster on one side forming a perfect, contiguous crescent. The wheel on the right was obtained from the 12 residues of the putative p-strand H of the human J chain. This region of sequence (residues 118-130) was also predicted as a possible a-helix (see Fig.  1 ), but its distribution of hydrophobic residues (boldface letters) does not show the typical angular clustering. Proc. Natl. Acad. Sci. USA 82 (1985) in good agreement with the 37% ,-sheet structure predicted from the amino acid sequence profiles.
When the 66% random contribution is subtracted from the experimental curve for reoxidized J chain, the residual curve shown in Fig. 5 is obtained. This curve has a single minimum (-2.5 x 104) at 215 nm and a maximum (3.4 x 104) at 195 nm that corresponds very well with typical CD curves for polypeptides having B-type conformations. In contrast, CD spectra from a-helical polypeptides are characterized by two pronounced minima, at 210 nm and 222 nm, of substantial ellipticity (less than -3 x 104) and an intense maximum at 192 nm (greater than 7 x 104). If there were an intermediate a-helical contribution to the J-chain structure, such characteristics would be expected to emerge from the decomposition curve, ifnot from raw data. The absence ofthese features indicates that the J chain is not likely to contain a significant proportion ofa-helix, although the presence of small amounts cannot be positively ruled out. The CD spectral characteristics of various polypeptide conformations (e.g., a-helix, parallel and anti-parallel chain p-sheets, triple-stranded collagen-type helix, p-helix, p-spiral, and disordered or random chains) have been reviewed elsewhere (25) .
DISCUSSION
One of the puzzling aspects of J chain is its primary structure. Unlike all the other polypeptides of the immunoglobulin family, J chain does not have a characteristic domain sequence as judged by the location of cysteine residues. Yet the J chain coevolved with the first ,u and light chains and its sequence has been conserved to the same high degree as the constant-region domains C,A4 and C,3 with which it interacts (26) . The studies of J-chain secondary structure presented here might help to explain this puzzling relationship. Despite the difference in its primary structure, the J chain is predicted to have an antiparallel all-p-sheet folding similar to an immunoglobulin domain.
The prediction of J-chain conformation was based on computer-assisted analyses of the sequence data. From the profiles generated, J chain appeared to be a predominantly p3-stranded type of structure. A small number of the polypeptide segments also exhibited a high potential for a-helix formation, but helical-wheel analyses (20) indicated that most of the disputed regions are more likely to have a P-sheet conformation. This assessment of a-helical content was critical to the interpretation of J-chain folding. Proteins ofthe all-,p-type fold are known to consist exclusively ofantiparallel ,p-sheets and contain only an insignificant proportion of a-helices (typically one or two turns serving as reverse turns between ,-strands as, for example, in the immunoglobulin VL domain in Fig. 1 ). On the other hand, proteins of the a/,p-type fold consist of parallel p-sheets that are always found associated with an approximately equal number of a-helices and form the characteristic apa folding unit (27, 28) . Thus, on the basis of the helical-wheel projections and the general profile patterns, it was tentatively concluded that the J chain belongs to the family of antiparallel al-p8-sheet proteins.
This prediction is supported by the CD spectrum obtained for a renatured preparation of reduced human J chain. Decomposition of the spectrum into its random and residual spectral comnponents indicated that the preparation would approximate 34% p-structure, a value that corresponded well with the 37% p-sheet content predicted from secondarystructure analyses. Of equal -importance, the curve for the residual spectral components showed none of the features characteristic of polypeptide segments with a-helical conformation. Although the assignment of secondary structure from CD spectra can err substantially, it seems apparent from the spectral data that the conformation of renatured J chain would be of the p-type; a-helical conformation, if present at all, constitutes only a minor portion of the overall structure.
Our model of the J chain as a single immunoglobulin-like domain contrasts with the two-domain model previously proposed by Cann et al. (12) . The two-domain structure was deduced from the differences observed in the properties of the amino-terminal and carboxyl-terminal halves of the J polypeptide. Thus, differences in the distribution of cysteine residues and hydrophobic side chains suggested that the amino terminal portion has a mirror-image symmetry that makes two opposing -SH groups available for interchain linkage, whereas the carboxyl-terminal sequence has no apparent conformational symmetry. Secondary structure analyses suggested that the amino-terminal sequence has a high propensity for forming three p3-strands, whereas the carboxyl-terminal sequence displays a mixture of a-helical and a-strand propensities (two a and two p3 segments). Finally, the carboxyl-terminal portion of the J polypeptide is selectively degraded during mild proteolysis of pentamer IgM; the amino-terminal portion, however, remains covalently bound to the polymer and resists degradation (29) .
Of the two J-chain models, the putative single-domain structure is more consistent with the general principles of protein folding (28, 30 ). An antiparallel p-barrel is an established form of folding, whereas a three-stranded p-sheet domain has no known counterpart and does not conform to recognized folding rules. Moreover, the size of the J chain (137 residues) is in the range typical of a single-domain protein. Domain size is generally determined by the percentage of hydrophobic, solvent-exposed atoms, which in turn is a single function of molecular mass (31) , and thus multidomain proteins are almost invariably much larger than the J chain.
The single-domain model is also based on more extensive predictive evidence. The secondary structure assignments of Cann et al. (12) were made from predictions using the Chou and Fasman algorithms (32 (34) . The possibility that J chain is arranged in an immunoglobulin-like fold suggests that its function in polymer synthesis and transport may be mediated by similar mechanisms of interdomain association. In the polymerization process the interactions would occur with the C,4 orCa3 domains, whereas in selective transport through epithelial cells they would occur with the ligand-binding domain of the receptor (secretory component), another member of the immunoglobulin family (35) . Such a mode of interaction could explain the conservation of the J-chain primary structure despite its unrelatedness to the common immunoglobulin domain sequence. Moreover, a domain interaction would not preclude proteolytic attack on the J-chain portion of the polymer structure. It is possible to design models of pairs of antiparallel 8-sheets that are compatible with the proteolytic cleavage pattern than has been experimentally observed. Fig.  6 outlines one such arrangement.
Although theoretical and experimental considerations might favor the one-domain over the two-domain model, it should be emphasized that both represent putative structures. The ultimate confirmation of either model will, there- FIG. 6 . A schematic drawing of hypothetical J-chain folding, showing one of the possible arrangements of disulfide bridges (thick zigzag lines) relative to p-strands (arrows A-H). The folding topology of this scheme is based on that of superoxide dismutase (14) but other folds would also be compatible with the allowed topological connectivities of eight-stranded, antiparallel -barrels. In this hypothetical scheme the two half-cystines nearest the NH2 terminus form interchain disulfide bonds to immunoglobulin chains (36) and their side chain-to-side chain distance would be approximately 10 A. A proteolytic attack at the end of ,-strand D would generate a large NH2-terminal fragment covalently linked to the polymeric immunoglobulin while the COOH-terminal half of the structure could be dissociated and digested into smaller fragments, in agreement with experimental data (29) .
fore, have to await crystallization and x-ray analysis of the J chain or its complexes with polymeric Fc fragments.
